Context. The shape of the mass density profiles of cosmological halos informs us of the nature of dark matter (DM) and DM-baryons interactions. Previous estimates of the inner slope of the mass density profiles of clusters of galaxies are in opposition to predictions derived from numerical simulations of cold dark matter (CDM). Aims. We determine the inner slope of the DM density profile of a massive cluster of galaxies, Abell S1063 (RXC J2248.7−4431) at z = 0.35, with a dynamical analysis based on an extensive spectroscopic campaign carried out with the VIMOS and MUSE spectrographs at the ESO VLT. This new data set provides an unprecedented sample of 1234 spectroscopic members, 104 of which are located in the cluster core (R 200 kpc), extracted from the MUSE integral field spectroscopy. The latter also allows the stellar velocity dispersion profile of the brightest cluster galaxy (BCG) to be measured out to 40 kpc. Methods. We used an upgraded version of the MAMPOSSt technique to perform a joint maximum likelihood fit to the velocity dispersion profile of the BCG and to the velocity distribution of cluster member galaxies over a radial range from 1 kpc to the virial radius (r 200 ≈ 2.7 Mpc). Results. We find a value of γ DM = 0.99 ± 0.04 for the inner logarithmic slope of the DM density profile after marginalizing over all the other parameters of the mass and velocity anisotropy models. Moreover, the newly determined dynamical mass profile is found to be in excellent agreement with the mass density profiles obtained from the independent X-ray hydrostatic analysis based on deep Chandra data, as well as the strong and weak lensing analyses. Conclusions. Our value of the inner logarithmic slope of the DM density profile γ DM is in very good agreement with predictions from cosmological CDM simulations. We will extend our analysis to more clusters in future works. If confirmed on a larger cluster sample, our result makes this DM model more appealing than alternative models.
Introduction
A strong prediction of the cold dark matter (CDM) cosmological simulations is the existence of a universal shape for the dark matter (DM) mass density profile ρ(r) of cosmological halos. In particular, in their seminal papers, Navarro et al. (1996 Navarro et al. ( , 1997 suggested that the following Navarro-Frenk-White function (hereafter NFW), ρ(r) ∝ (r/r −2 ) −1 × (1 + r/r −2 ) −2 ,
adequately characterizes halos extracted from DM-only cosmological simulations over a wide range of masses, from the center, r = 0, to the virial radius. The NFW profile is character-ized by a logarithmic slope d log ρ/d log r = −1 for r → 0, and −3 at large radii, and by a characteristic radius, r −2 , where d log ρ/d log r = −2.
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Other baryonic effects capable of reducing the central mass concentration are supernovae feedback in low-mass galaxies (e.g., Governato et al. 2010 ) and active galactic nuclei (AGN) feedback in clusters of galaxies (e.g., Martizzi et al. 2012) . The combination and the net effect of these baryonic processes on the DM density profile is still under debate (e.g., Schaller et al. 2015; Laporte & White 2015; Peirani et al. 2017; He et al. 2019) . The properties of DM itself can affect the inner slope of a halo ρ(r). Warm, fuzzy, decaying, and self-interacting DM have been shown in numerical simulations to produce flat inner ρ(r) slopes (Hu et al. 2000; Bode et al. 2001; Peter et al. 2010) . For example, the self-interacting DM models predict an inner halo density profile shallower than the NFW (e.g., Spergel & Steinhardt 2000; Rocha et al. 2013 ).
Constraining the shape of ρ(r) of cosmological halos can therefore provide valuable constraints on the properties of DM, the interplay between the DM and baryonic contents, and on the halos assembly process. Among cosmological halos, clusters of galaxies are the only ones for which ρ(r) can be determined over a wide range of scales, using several observational tools, sometimes in combination. In particular, X-ray observations of the hot intra-cluster medium (ICM hereafter) can be used to probe the cluster mass distribution under the assumption of hydrostatic equilibrium, but typically only out to r 500 (e.g., Ettori et al. 2013; Giles et al. 2017) , and with some systematic uncertainties due to the deviation from hydrostatic equilibrium in the outer regions (Rasia et al. 2006 ) and due to the presence of cool components and temperature fluctuations near the cluster center (Arabadjis et al. 2004 ). The Sunyaev-Zeldovich effect (Sunyaev & Zeldovich 1970; Mroczkowski et al. 2019 , for a recent review), due to the inverse Compton scattering of the cosmic microwave background (CMB) photons off the electrons of the ICM, can be used in combination with X-ray observations to probe ρ(r) beyond r 500 , and up to r 200 , as originally suggested by Ameglio et al. (2009) , and recently probed by Shitanishi et al. (2018) on a sample of objects observed with Bolocam and Chandra and by Ettori et al. (2019) on the X-COP sample of massive nearby galaxy clusters resolved with Planck and XMM-Newton exposures. Gravitational lensing is the most direct way of determining the (projected) total mass distribution in clusters within the strong regime within the central ∼ 300 kpc (e.g. Mellier et al. 1993; Zitrin et al. 2012; Caminha et al. 2016) , and within the weak regime outside the central region (e.g. Squires et al. 1996; Umetsu et al. 2014) .
The distribution of cluster members in projected phase-space can be used to trace the gravitational potential from the central ∼ 50 kpc to very large radii (e.g. Rines & Diaferio 2006; Biviano et al. 2013 ), using methods based on the Jeans equation for gravitational equilibrium (Binney & Tremaine 1987; Wojtak et al. 2009; Mamon et al. 2013a ), or the so-called "caustic" method (Diaferio & Geller 1997; Diaferio 1999) . Finally, the stellar kinematics of the brightest cluster galaxy (BCG) provides an additional measure of the total cluster mass at very small radii, out to ∼ 100 kpc (e.g Dressler 1979; Kelson et al. 2002) . Whatever the method used to constrain ρ(r) in clusters, it is important to distinguish the DM contribution from that due to baryons. For example, ignoring the baryonic contribution of the BCG could lead to over-estimate the inner slope of the DM ρ(r). The baryonic contribution of the other galaxies is instead quite negligible, as most of the baryons outside the very cluster center are contributed by the ICM (e.g., Biviano & Salucci 2006; Eckert et al. 2019) .
Previous observational determinations of the central slope of the DM ρ(r) were based on a combination of strong lensing and the BCG kinematics, and found γ DM < 1 with a large statistical significance, that is a profile flatter than NFW (Sand et al. 2002 (Sand et al. , 2004 (Sand et al. , 2008 Newman et al. 2009 Newman et al. , 2011 Newman et al. , 2013b . This finding stimulated discussion on the physical reason for this difference, be it the nature of DM or the interplay between baryons and DM (see, e.g., Newman et al. 2013a; He et al. 2019 , for a detailed discussion on this topic).
In this paper, we determine the mass profile of the cluster Abell S1063 (hereafter AS1063) from ≃ 1 kpc to the cluster virial radius. AS1063 is a rich galaxy cluster at z = 0.3458, also known as RXC J2248.7−4431 and it was first identified in Abell et al. (1989) . AS1063 was observed with HST as part of the Cluster Lensing And Supernova survey with Hubble (CLASH, Postman et al. 2012) , and the Frontier Fields program (Lotz et al. 2017 ). An extensive spectroscopic campaign was conducted with VIMOS at the VLT as part of the CLASH-VLT ESO Large Programme (ID 186.A-0798, P.I. P. Rosati, Rosati et al. 2014, Rosati et al. in prep) . This data set has been complemented with observations obtained with the integral field spectrograph MUSE at the VLT to better probe the cluster core and BCG kinematics.
With respect to previous works (e.g. Sand et al. 2004; Newman et al. 2013b ), we performed a full dynamical analysis of the potential well of the cluster using a combination off two different independent tracers: the kinematics of the cluster galaxy members and the stellar velocity dispersion profile of the BCG. We deconvolved the different contributions to the cluster total mass profile, coming from the stellar mass of member galaxies, the hot gas component, the BCG stellar mass, and the DM. Finally we compared the total mass profile obtained from the dynamical analysis with that obtained by using the hydrostatic mass from X-ray data, and a combination of strong and weak lensing mass measurements.
The paper is structured as follows: in Section 2, we present our VIMOS and MUSE data sets and in Section 3 we describe our methodology. In Section 4, we provide the results on the mass profile of AS1063; specifically, we derive the best-fit parameters of the DM mass profile, we show the contribution of the different matter components to the total cluster mass profile, and we compare the dynamical total mass profiles with those derived from other independent analyses. Finally, in Section 5, we discuss our results and in Section 6, we draw our conclusions.
Throughout this paper, we adopt H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, Ω Λ = 0.7. At the cluster redshift, 1 arcmin corresponds to 296 kpc. Magnitudes are in the AB system. We call r ∆ the radius that encloses an average density ∆ times the critical density at the halo redshift.
Data set
This work is based on the spectroscopic observations carried out with the VIMOS and the MUSE spectrographs at the VLT. The VIMOS CLASH-VLT spectroscopic campaign for AS1063 is presented in Mercurio et al. 2020 (in prep., hereafter M20) . This yielded 3607 reliable redshifts measured over a field of 25 × 25 arcmin 2 , 1109 of which are classified as cluster members based on estimators which use the projected phase-space distribution of galaxies around the median redshift of the cluster z = 0.3458 (see M20).
The CLASH-VLT campaign was significantly enhanced and complemented in the cluster core using observations with the integral field spectrograph MUSE (Bacon et al. 2010) . The MUSE data set consists of two pointings covering the NE and SW sides of the cluster core. Data reduction procedures and redshift measurements are fully described in Karman et al. (2015) , which presents the SW pointing obtained during MUSE science verification for a total exposure of 3.1 h (ID 60.A-9345, P.I. Ca-puti&Grillo). The extension to the NE pointing (095.A-0653, P.I. Caputi), with a co-added exposure of 4.8 h, is described in Karman et al. (2017) . The seeing was measured to be ∼ 1.1 and 0.9 arcsec in the SW and NE pointings, respectively. The resulting catalogue of cluster members and multiply lensed images in the ∼ 2 × 2 arcmin 2 central region was presented in Caminha et al. (2016) , along with the first strong lensing model. The MUSE data provided 175 secure redshifts in addition to the 3607 aforementioned VIMOS campaign, 104 of which are classified as cluster galaxies.
By considering 21 additional redshifts from (Gómez et al. 2012) , 30 from the Grism Lens-Amplified Survey from Space ), and 17 unpublished redshifts from Magellan observations (D. Kelson, private communication), a total of 3850 spectroscopic redshift were analyzed and 1234 cluster members were selected for the dynamical analysis presented in this work (see M20). The spatial distribution of cluster galaxies and their redshift distribution are shown in Figure 1 .
The radially dependent completeness of our spectroscopic sample is discussed in M20. It is essentially 100% in the MUSE region, that is, 0 < R (Mpc) < 0.25 Mpc, ∼ 80% in the range 0.25 < R (Mpc) < 1, and drops to ∼ 75% at 1 < R (Mpc) ≤ 2.75 up to R=23.0 mag, with typical errors of ∼ 5%.
Repeated measurements of the same spectra were used to estimate the average error on the radial velocities: 75 (153) km s −1 for the spectra observed with the MR (LR, respectively) grism. As for the MUSE velocities, the average estimated error is 15 km s −1 . As for the velocities taken from the literature, we use the errors quoted in the reference papers.
The MUSE integral field data are also ideal to measure the spatially dependent internal kinematics of the BCG, with a spatial resolution limited by the seeing (sampled with pixels of 0.2 arcsec) and a velocity resolution of ∼ 50 km s −1 . The stellar line-of-sight velocity dispersion (LOSVD) of the BCG in different radial bins is measured using the pPXF public software described in Cappellari & Emsellem (2004) , recently upgraded and improved (Cappellari 2017) . The second moment of the line absorption profiles, that is, the width σ of a Gaussian shape, is measured by convolving a set of stellar spectral templates to fit the MUSE spectra, taking into account the spectrograph resolution (2.6Å). When preparing input spectra for pPXF, only the spectral region [4860-7160]Å is considered, where the MUSE sensitivity is higher, while narrow spectral regions with high variance, primarily in the vicinity of sky and telluric lines are masked out. The stellar template library includes 105 spectra extracted from the NOAO high-resolution spectral library (Gunn & Stryker 1983; Jacoby et al. 1984) , with an intrinsic resolution of 1.35Å and a dispersion of 0.4Å/pixel. Most of the stars have the spectral type GKM, including also 10% of A-stars, to broadly match the underlying stellar populations of an ETG. The robustness of the LOSVD measurements has been tested with extensive simulations (Bergamini et al. 2019) at varying signal-to-noise and LOSVD, thus proving a realistic model for statistical and systematic errors. The MUSE data on the BCG are divided into two halves in the two pointings, approximately along the major axis of the BCG (see the inset in Figure 2 ). While this poses some challenges which require masking high-variance pixel regions near the edge of the MUSE fields, it does offer an independent measurement of the σ-profile in elliptical regions on each side of the BCG, where relatively faint cluster galaxies projected in the inner core are masked out. In Figure 2 , we show the σ-measurements in five radial elliptical bins (b/a = 0.75, PA= 319 • ) in the NE portion and 4 bins in the SW portion of the BCG, as a function of the circularized projected radius. We note that the BCG light profile peaks in the NE side, whereas the central bin in the SW side is affected by the pointing edge. Therefore, the innermost σ measurements within 10 kpc are extracted from the NE side. Signal-to-noise ratios (S/N) of the spectra (the average value over the aforementioned wavelength region) range from ∼ 80 in the inner radial bins to ∼ 24 in the outer bins, which extend to ∼ 3 times the value of the effective radius in the SW side. These two independent measurements of the σ-profile are in excellent agreement and all these nine data points are used when analyzing the inner kinematics of the BCG, as described in the following sections.
Our X-ray analysis is based on archival Chandra ACIS-I observations (ObsId 4966, 18611, 18818) . We have reprocessed them with a standard pipeline based on CIAO 4.9 (Fruscione et al. 2006 ) and CALDB 4.7.4 to create a new events-2 file which includes filtering for grade, status, bad pixels, and time intervals for anomalous background levels. We obtain a cumulative good time interval of 123.1 ksec. All the point sources detected with the CIAO routine wavdetect have been masked and not considered in the following analysis. We estimate a local background for both the spatial and spectral analysis from two regions of 15 and 30 arcmin 2 , respectively, located about 10 arcmin southward from the X-ray peak. Caminha et al. (2016) determined the cluster total mass distribution near its center by using a model that include the position of the cluster center as a free parameter. They found that the cluster center is nearly coincident with the position of the BCG, (see x and y parameter values in their Table 5 ) therefore we set the cluster center on the BCG at RA=22 h 48 m 43.99 s and Dec=−44 • 31 ′ 50.98". We note that for all the profiles showed in Figure 7 , we assume the BCG as the cluster center.
Methodology
We can characterize the total cluster mass profile M tot (r) as the sum of different components,
(2) The first three components account for the total baryonic mass, M * BCG (r) is the stellar mass profile of the BCG, M * gal (r) is the stellar mass profile of all the other cluster galaxies, and M gas (r) is the hot intra-cluster gas mass profile. The M DM (r) is the DM component of the total mass profile. Hereafter, we describe how we determine the different mass components. 
The baryonic components
where M * is the total stellar mass of the BCG, and r j is the characteristic scale radius of the model. The scale radius r j is Article number, page 3 of 11 A&A proofs: manuscript no. sartoris LOS velocity dispersion profiles from the stellar kinematics of the BCG, obtained by extracting spectra in elliptical radial regions from the MUSE data cubes, independently in the NE (red circles) and SW (blue squares) portion of the BCG, as shown in the inset. The latter is a median stack of the MUSE data in the inner 30 arcsec around the BCG, with projected faint cluster members masked out in the spectral extraction. We note that the innermost radial bin (blue) in the SW side of the BCG is excluded since it contains the gap between the two MUSE pointings. Vertical dashed lines indicate 1,2,3 effective radii (R e = 17 kpc).
determined by fitting a de Vaucouleurs model to the surfacebrightness profile of the BCG, knowing that it is related to the effective radius by r j = R e /0.76 (Jaffe 1983) . The effective radius R e is defined as the radius that contains half the total BCG luminosity (computed as the Kron magnitude in the R band, in our case). The BCG total stellar mass in Equation 3, M * , is obtained by fitting the spectral energy distribution (SED) and the MUSE spectrum assuming a Salpeter stellar initial mass function (IMF; see M20 for details). We find the effective radius R e = 17.0 ± 1.6 kpc (see also table A1 in Tortorelli et al. 2018) , that corresponds to r j = 22.7 ± 2.1 kpc, and the total stellar mass
gal , is the stellar-mass profile of the other cluster member galaxies, BCG excluded. The stellar mass of each member galaxy is obtained by SED fitting, using the 5-band ground-based photometry, based on observations with the WFI at the ESO 2.2m telescope (Gruen et al. 2013 ), after a cross-calibration with the HST photometric bands(see M20). On average, galaxies have their stellar masses estimated with an error ∆ log(M * ) = 0.155 (see M20). When evaluating M * gal , we consider all the galaxies with M * ≥ 10 10 M ⊙ within the projected radius 0.03 ≤ R ≤ 2.75 Mpc . The minimum radius has been chosen to exclude the contribution from the BCG, which is already accounted for in M * BCG (r). The maximum radius is the radius within which our galaxy member sample is complete at the 80% level. The completeness in stellar mass has been computed from the completeness in magnitude following M20. We evaluate the projected stellar mass density profile by summing the total stellar mass of all galaxies in radial bins, weighted by the inverse of their completeness. The uncertainties on this profile have been derived with a bootstrap procedure on the galaxies in each radial bin, adding in quadrature the bootstrap-derived variance and the mean error on the stellar masses (∆ log(M * ) = 0.155). We then deproject the 2D stellar mass profile with its uncertainties, using the Abel inversion equation (Binney & Tremaine 1987) , and integrate the 3D density profile to obtain M * gal (r). The gas mass profile in Equation 2, M gas (r), is evaluated from the numerical integration over the cluster's volume of the gas density profile.
Assuming a spherical geometry, the gas density profile has been recovered from the deprojection of the X-ray surface brightness profile (see e.g., Sect. 1.2 in Ettori et al. 2013) . This profile has been extracted from the exposure corrected image in the 0.7-2 keV energy band (where the S/N is maximized), which represents the effective area at each sky position of the detector and accounts for the dithering effects of the telescope.
The Dark Matter component
Once the three baryonic components M * BCG , M * gal , M gas have been determined directly from the observations, as described in Section 3.1, in order to determine M DM (r), we seek a solution for the spherical Jeans equation of dynamical equilibrium,
where M tot (r) is the total mass profile of Equation 2, r is the three-dimensional cluster-centric distance, φ is the cluster potential, ν(r) is the three-dimensional number or luminosity density profile of the tracer of the potential, σ(r) its radial velocity dispersion profile, and β(r) its anisotropy profile, β(r) ≡ 1 − σ 2 θ (r)/σ 2 r (r), with σ θ and σ r , respectively, the tangential and radial component of the velocity dispersion. We solve the Jeans equation by fitting at the same time the BCG line-of-sight (LOS) velocity dispersion profile (see Figure 8 ), and the projected phase-space distribution of the other cluster galaxies (see MAMPOSSt method below). While M tot (r) is common to both these tracers, ν(r) and β(r) are different for the two tracers of the potential.
The baryonic components to M tot (r) are described in Section 3.1. As for the DM component, M DM , we model it with a generalized NFW (gNFW) profile,
where 2 F 1 (a, b, c, x) is the hypergeometric function (Weisstein 1998; Mamon et al. 2019 ). This model is characterized by three parameters: the inner slope, γ DM , the scale radius, r DM s , and the mass at r DM 200 , M DM 200 . The relation between r −2 , r s and γ for the gNFW model is
so that r −2 ≡ r s for the NFW profile, where γ = 1. When we trace the potential using the BCG LOS velocity dispersion, we identify ν(r) with the luminosity density profile, ν BCG (r), that we model with a Jaffe profile,
We note that we do not need to consider the normalization of ν BCG (r) since it enters Equation 4 only with its logarithmic derivative. The value of r j is obtained by fitting the surfacebrightness profile of the BCG as explained in Section 3.1. For the anisotropy profile β(r) of the BCG stars, we adopt the Osipkov (1979) and Merritt (1985) model,
with the scale radius r β as a free parameter.
For the other tracer of the potential that we consider, that is the cluster member galaxies, we identify ν(r) with the number density profile that we model with a NFW profile,
where the only parameter is r ν , since the normalization of the profile is irrelevant in Equation 4. For the anisotropy profile β(r) of the cluster member galaxies, we consider three different models, 1. constant velocity anisotropy with radius, β(r) = β ∞ , 2. a simplified version of the model of Tiret et al. (2007) 
where the orbits of the galaxies are isotropic in the inner part of the cluster and radial in the outer part, 3. the "opposite" model from Biviano et al. (2013) 
, that allows orbits to be tangential in the inner part and radial in the outskirts, or viceversa.
We note that there is only one free parameter in all three anisotropy models, β ∞ , forced to be < 1 to avoid unphysical solutions, while r −2 is the same scale radius of Equation 6.
In summary, to determine M DM (r) we must constrain the following parameters, γ DM , r DM s , r DM 200 , r ν , β ∞ , r β , and we do this by combining the likelihoods that we obtain from the BCG internal stellar dynamics, L BCG , and the projected phase-space distribution of the cluster members, L gal .
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where σ r is the radial velocity dispersion profile, and where we have used the chosen velocity anisotropy profile of equation 8. The radial velocity dispersion profile σ r (r) is related to the total mass profile M tot (r) via:
The likelihood L BCG follows from a χ 2 (L BCG ∝ exp −χ 2 /2 ) comparison between the model σ p,BCG of Equation 10 and the observed line-of-sight BCG stellar velocity dispersion (see Figure 2) . This likelihood depends on the free parameters of M DM , (and thus M tot (r)) γ DM , r DM s , r DM 200 in our case, and on the free parameter of β OM (r), r β .
To obtain the likelihood L gal , we use the MAMPOSSt technique of Mamon et al. (2013b) . Given the models for M tot (r) and β(r), MAMPOSSt estimates the best-fit parameters (γ DM , r DM s , r DM 200 , β ∞ in our case) that maximize the probability of finding the cluster member galaxies at their observed positions in projected phase-space. In the MAMPOSSt analysis we only consider the subsample of 792 cluster members in the radial range 0.05-2.36 Mpc, to exclude the BCG at the very centre (since it is considered separately in our analysis), and to limit the analysis to the virial region of the cluster where the Jeans equation is valid. As a first estimation of he virial region we adopt 2.36 Mpc, according to the lensing analysis (see Section 4),however we checked that this choice does not affect our results. We run MAMPOSSt in the so-called split mode, by separately fitting the spatial and velocity distribution of cluster members. Mamon et al. (2013b) have shown that this is equivalent to a simultaneous fit to the two distributions. The split mode allows us to deal with the radial incompleteness of the spectroscopic sample in a simple way, as detailed hereafter. The observed profile is corrected for incompleteness (see Section 2). To take into account the errors on the the completeness values, we perform a Monte-Carlo analysis. In each radial bin we randomly draw 10000 values from a Gaussian distribution centered on the mean completeness with a sigma corresponding to the completeness uncertainty (see M20). We calculate the characteristic radius of ν gal (Equation 9 ), r ν , by a maximum likelihood fit to the observed projected number density profile of cluster galaxies, using the projected NFW model (Bartelmann 1996) . We also considered the King (1962) (cored) model, but we found that the projected NFW model provides a higher likelihood. For the NFW model, we find a best fit value of r ν = 0.76 +0.08 −0.07 Mpc. In Figure 3 , we show the observed galaxy projected number density profile, ν gal , and its best-fit projected NFW model.
Having determined r ν , the remaining free parameters in the combined dynamical analysis of the BCG velocity dispersion profile and of the cluster galaxy velocity distributions are:
We implemented our full procedure in the COSMOMC code (Lewis et al. 2000) . We determined the best-fit values of θ M by searching for the maximum of the sum ln L gal + ln L BCG , and determined the confidence intervals of θ M via a MCMC (Monte-Carlo Markov Chain) procedure. 
Results
In Figure 4 , we show the constraints on the mass profile parameters that we obtain by combining the likelihood from the analysis of the cluster galaxy dynamics, L gal , and the likelihood from the stellar dynamics of the BCG, L BCG . We show the 2D constraints at the 68% confidence level for the combinations of γ DM , r DM s , r DM 200 parameters that characterize M DM (r) (see Equation 5), as obtained after marginalizing over the remaining parameters (included β ∞ and r β ). We use different colors to distinguish the constraints that we obtain from L gal and L BCG individually (in green and purple, respectively) and from the two likelihoods combined (in orange). Using L gal alone, the value of r DM 200 is well-constrained while there is a strong degeneracy in the values of the two parameters γ DM and r DM s . Clearly, this degeneracy indicates that we cannot constrain the inner behavior of M DM (r) from galaxy kinematics alone. On the other hand, as expected, using the information from L BCG alone, it is not possible to constrain r DM 200 , while the inner slope γ DM is well-constrained. By combining L gal and L BCG , we obtain the values of the θ M parameters (Equation 12 ) and their 68 % marginalized errors listed in Table 1 . For each parameter in Table 1 , we list the mean and the 68 % error of the distribution as obtained after marginalized over all the others parameters. These values are obtained for the Tiret et al. (2007) β T profile, that provides the highest likelihood among the three considered anisotropy models for the cluster galaxies (see Section 3.2). The main result of this paper is that the value of the inner slope of the DM profile, as obtained from our full dynamical analysis, is γ DM = 0.99 ± 0.04, which is in perfect agreement with what expected from simulations (see Section 5 for the discussion).
The various mass profiles contributing to M tot (r) (see Equation 2) are shown in Figure 5 . In black, we show M tot (r) as obtained by simply adding the different mass contribution at each 
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radii. The contribution of each component to the total mass is shown in Figure 6 . The stellar mass profile of the BCG, M * BCG (r), is shown with violet curves. Its contribution to M tot (r) is the dominant one only at the very centre, and at r 15 kpc. As for the other baryonic components, the stellar mass profile of all the other cluster galaxies, M * gal (r), is shown in green, while the hot intra-cluster gas mass profile,M gas (r), is shown with blue curves. Of these baryonic components, M * gal (r) makes a negligible con-tribution to M tot (r) at any radius, while M gas (r), although negligible near the center, contributes significantly to M tot (r) at increasingly larger radii. The stellar component (BCG excluded) provides only 1.5 ± 0.4% of the total amount of mass to the cluster, and the hot gas the ∼ 13±3% at r 200 and thus the DM contributes at ∼ 84 ± 14% level at the same radius. These values are consistent with what has been found by Annunziatella et al. (2017) for the MACS J0416.1-2403 cluster of comparable total mass and redshift. Biviano & Salucci (2006) found a fraction of hot gas mass that increase from 7 to 11 % from 0.1r 100 to r 200 , for the galaxy stellar mass from 4% to 2% in the same radial range. Such results come from the analysis of the stack of 59 nearby clusters with a final mass of ∼ 6 × 10 14 M ⊙ from the ESO Nearby Abell Cluster Survey (Katgert et al. 1996) . Eckert et al. (2019) At r 200 , they measured a median value of f gas = 0.149 +0.009 −0.008 . This value exceeds the reference "universal" gas fraction of f gas,u = 0.134 ± 0.007 evaluated as f gas,u = Y b Ω b /Ω m − f * , where Ω b /Ω m = 0.156 ± 0.003 is constrained by the CMB power spectrum in Planck Collaboration et al. (2016) , Y b is the baryon depletion factor predicted from hydrodynamical simulations and f * = 0.015 ± 0.005 is obtained from a compilation of recent results on the stellar mass fraction (see Eckert et al. 2019, for details) . Similarly, we can estimate the baryon depletion factor, Y b , representing the fraction of the baryons enclosed within a given radius, for AS1063 and compare it with published results. In hydrodynamical simulations, Y b in cluster's halos is expected to be 85-95 % (Planelles et al. 2013; Eckert et al. 2019) . In AS1063, we measure a value of Y b = 0.92 ± 0.21 at r 200 in agreement with previous constraints, mostly from numerical simulations.
In Figure 7 , we compare the total mass profile as derived from different analyses. For the sake of a better comparison with the profiles derived from the gravitational lensing analyses, we compare here projected mass profiles. Our derivation of M tot (r) from the dynamical analysis, after Abel projection, is shown in black. The blue curves represent the mass profile obtained from the Chandra X-ray data. This profile has been recovered by solving the equation of hydrostatic equilibrium assuming spherical 
where G is the gravitational constant, µ = 0.59 is the mean molecular weight in a.m.u., m p is the proton mass, k is the Boltzmann constant T gas (r) and n gas (r) are the gas temperature and density profiles, in 3D. The gas density profile has been obtained from the geometrical deprojection of the X-ray surface brightness profile resolved up to 2 Mpc. The gas temperature profile is obtained by the spectral analysis performed on 16 independent spatial bins up to ∼ 900 kpc, by requiring ∼3000 net counts in the 0.5-7 keV band in each bin. The spectral fitting has been done in Xspec 12.9.1 (Arnaud 1996) , using a thermal component (apec) with three degrees of freedom (normalization, temperature, and metallicity), absorbed by a Galactic column density n H fixed to the local value of 1.24×10 20 cm −2 (Kalberla et al. 2005) , and at the nominal redshift of 0.3458. A NFW functional form for the gravitational potential is adopted with two free parameters (normalization and R 200 ). These parameters are constrained by performing a grid-based search for a minimum in the distribution of the χ 2 evaluated by comparing the observed spectral temperature profile (with the propagated relative errors) and that predicted from the inversion of the hydrostatic equilibrium equation in which the observed gas density profile and the assumed mass model are used. The predicted temperature profile is then projected in each annulus of the spectral analysis (for further details see Ettori et al. 2010) . At each radius, we associate a symmetric error on the mass profile that represents the range of values allowed from the 1σ statistical uncertainties on the 2 free parameters (i.e., as defined from the region enclosed within ∆χ 2 = 2.3). Figure 5 as derived from our dynamical analysis. Red: result from the combined weak lensing analysis by (Umetsu et al. 2016) and strong lensing analysis by Caminha et al. (2016) . Blue: result from the X-ray data analysis using the hydrostatic equilibrium equation; in cyan we indicate the region where the X-ray profile has been extrapolated. The shaded areas show 68% confidence regions.
The red curves in Figure (7) represent the total mass profile as obtained from the combination of the weak and strong lensing analyses. Here we have improved upon the earlier CLASH lensing work of Umetsu et al. (2016) , by combining the widefield weak lensing data of Umetsu et al. (2014) with the latest strong lensing mass model of Caminha et al. (2016) . The weak lensing mass profile of AS1063 is based on ESO/WFI data and presented in Umetsu et al. (2014) , who presented a wide-field, weak-lensing shear and magnification analysis of 20 CLASH clusters. Umetsu et al. (2016) performed a joint weak+strong lensing analysis of the CLASH sample, in combination with 16-band HST observations (Zitrin et al. 2015 ). An improved strong lensing analysis of AS1063 has been carried out by Caminha et al. (2016) using 16 background sources (with 1.0 ≤ z ≤ 6.1) that are multiply lensed into 47 images, 24 of which are spectroscopically confirmed and belong to ten individual sources. The data-set used for their strong lensing analysis comprises the CLASH imaging data and the spectroscopic follow-up observations, with the VIMOS and MUSE on the VLT.
The three determinations of the total cluster mass profile are in good agreement. The agreement in the inner slope of the profile between our dynamical analysis and the strong lensing determination is particularly remarkable. The only relevant difference among the three is present in the weak lensing profile at R ∼ 0.3 − 0.6 Mpc. Perhaps this discontinuity is related to a substructure at ∼ 0.5 Mpc from the cluster centre, a residual of a recent off-axis merger, as indicated by the analysis of Gómez et al. (2012) . This merger event is also suggested by the elongated shape of the X-ray emission (Caminha et al. 2016) , along the same direction of a large-scale galaxy filament Fig. 8 . LOS velocity dispersion of the two probes of the cluster potential well, BCG stars (red and blue stars as in Figure 2 ) and cluster galaxies (green points), as a function of the projected cluster-centric distance. Error bars refer to a 68 % confidence level. The black curve represents the LOS velocity dispersion obtained for the best-fit mass model derived from the MCMC analysis, which includes the combined likelihood L BCG + L gal , from the dynamical analysis of the BCG stellar component and member galaxies (Table 1 ). The shaded area shows the 68% confidence region. (Melchior et al. 2015) . We note that the total mass of the cluster out to r tot 200 = 2.63 ± 0.09 [Mpc] as obtained from the dynamical analysis of the cluster galaxies is M tot = 2.87±0.3×10 15 [M ⊙ ] by assuming a NFW model (see Biviano et al. 2013) , which is consistent with the DM mass fraction shown in Figure 6 and Table  1 Figure (8) , the velocity dispersion profile of the two probes we use in our analysis: the LOS velocity dispersion of the cluster member galaxies and the LOS velocity dispersion of the stellar component of the BCG. Derivation of the latter has been described in Section (2). As for the LOS velocity dispersion of the cluster member galaxies, we use the bi-weight estimator (Beers et al. 1990 ) applied to the velocity distribution of the galaxies in each radial bin, and we define the radial bins in such a way as to keep the same number of galaxies in each bin. In the same figure, we show the best-fit model velocity dispersion and its 68 % confidence interval, as obtained from the combined MCMC likelihood analysis, L BCG + L gal (see Table 1 ). To calculate the LOS velocity dispersion profiles, we use Equations 11 and 10 for the LOS velocity dispersion profile of the BCG and the equivalent ones for the LOS velocity dispersion profiles of cluster galaxies (Eqs. 9 and 30 in Mamon et al. 2013b) . We stress that the gap in the LOS velocity dispersion profile is just due to the fact that we are showing the velocity dispersion profiles of A&A proofs: manuscript no. sartoris two different tracers, here, BCG stars at R 0.1 Mpc and cluster galaxies at R 0.1 Mpc. The two tracers have different density profiles so they are not expected to have the same velocity dispersion profile. In particular, the density profile of the stars drop as r −4 at large distances from the BCG center, while the density profile of galaxies drop as r −1 at small distances from the cluster center. Since the logarithmic derivatives of the density profiles of the two tracers are very different, the velocity dispersions also differ.
Discussion
By using the kinematics of the AS1063 cluster galaxy members and the stellar velocity dispersion profile of the BCG, we have constrained the inner slope parameter of the cluster DM profile (modeled as a gNFW), γ = 0.99 ± 0.04 (1 σ uncertainty). This value is compatible with, and in fact almost identical to, the expected value for the NFW model. While the NFW model was first derived for halos identified in DM-only cosmological simulations (Navarro et al. 1996) , subsequent analyses have shown that the NFW model is also a good description of the DM profile of halos identified in cosmological simulations that include baryons (Schaller et al. 2015; He et al. 2019) . It has been argued that, if halos grow by mergers that produce significant mixing between stars and DM, it is the total mass, not the DM density profile that displays the NFW slope near the center (Laporte & White 2015) . However, even in the absence of significant mixing between stars and DM, simulations indicate that massive halos are dominated by DM down to < 0.01 r 200 (Schaller et al. 2015) , which is in agreement with our findings (see Figure 5 ). To probe these very inner regions of massive clusters, a study of the BCG kinematics is essential since it is uncommon to find strong lensing features at distances < 10 kpc from the cluster center.
Several DM alternatives to CDM predict cored cosmological halos: self-interacting DM (Yoshida et al. 2000; Spergel & Steinhardt 2000) , axion DM (Marsh & Pop 2015) , warm DM (Colín et al. 2000) , eventually combined with a CDM component coupled to Dark Energy (Macciò et al. 2015) . Our result, taken at face value, is therefore supportive of a standard, collisionless CDM scenario. However, to fully understand whether γ = 1 rules out alternative DM models, simulations with non-standard DM and baryons are required. Even if the DM is cold and collisionless, the inner slope of the halo DM density profile can be modified by baryonic processes. The inner slope can be flattened by AGN feedback heating and expelling gas from the central cluster region (Ragone-Figueroa et al. 2012; Martizzi et al. 2013; Peirani et al. 2017) , by dissipationless stellar accretion onto the BCG (Laporte et al. 2012) , and dynamical friction transferring energy from baryons to DM (El-Zant et al. 2004 ). On the other hand, adiabatic contraction has the opposite effect of steepening the inner slope of the DM profile (Blumenthal et al. 1986; Gnedin et al. 2004 ).
Other observations have found that the value of the very inner slope of the DM density profile of clusters is significantly smaller than 1 (Newman et al. 2013a) , even if the slope of the total mass density profile is ≈ 1 (Newman et al. 2013b ). Our determination of γ DM is quite different from the values found by Newman et al. (2013a) for other clusters of similar mass and at similar redshifts. The mean γ DM value for the seven clusters analyzed by Newman et al. (2013a) is 0.54, with a dispersion of 0.20. If these values are typical of the population of clusters, AS1063 is an outlier at just slightly more than 2 σ. Schaller et al. (2015) have argued that the γ DM values found by Newman et al. (2013a) are biased to the lower end either because of their assumption of a Salpeter initial mass function (IMF) for the BCG stellar mass or because of their assumption of isotropic stellar orbits. However, we found γ DM ≈ 1 even if we adopted a Salpeter IMF in our analysis, (as seems to be appropriate for massive early-type galaxies, e.g., Treu et al. 2010; Grillo & Gobat 2010; Grillo et al. 2008) , and our best-fit solution for the velocity anisotropy of the BCG indicates (nearly) isotropic orbits (see Table 1 ). Moreover, Newman et al. (2015) find that groups have NFW-like DM density profiles with little dependence on the assumed orbital anisotropy. In their paper He et al. (2019) fit mock stellar kinematics and lensing data generated from the Cluster-EAGLE simulations, following the same approach of Newman et al. (2013a) , and retrieved the inner density slopes of both the total and the dark matter mass distributions. He et al. (2019) 2015) and He et al. (2019) , our result indicates that there is significant cosmic variance in the values of γ DM for clusters. Significant variance can result when clusters are observed in different dynamical states and at different ages because of the dynamical interplay between baryons and DM. An early assembly history corresponds to higher concentration of the halo density profile (Wong & Taylor 2012) . A higher concentration may also appears as a consequence of a recent major merger, but only for a very short time, as the accreted subhalo passes to its orbital pericenter (Klypin et al. 2016 ). On longer timescales, unrelaxed halos have less concentrated mass density profiles than relaxed ones (Neto et al. 2007 ). The observed inner slope of the DM profile can also depend on the phase and strength of the central AGN feedback that change with time and with the mass ratio of the BCG to its parent halo (Peirani et al. 2017) .
We need to extend our analysis to other clusters with similar high quality data to constrain the mean and the variance of γ DM . This will either disprove the observational results of Newman et al. (2013a) or prove AS1063 to be a rather exceptional cluster.
Conclusions
We carried out an accurate, full dynamical reconstruction of the mass density profile of the massive, z = 0.3458 cluster AS1063 over the radial range ∼ 1 kpc to r 200 (∼ 2.7 Mpc). Our determination is based on the solution of the Jeans equation for dynamical equilibrium as obtained from the application of an upgraded MAMPOSSt maximum likelihood technique (Mamon et al. 2013b ) to the velocity dispersion profile of the BCG and to the velocity distribution of cluster members. The likelihood sampling was obtained with the MCMC method. The BCG velocity dispersion profile was measured with high precision, using MUSE integral field spectroscopy observations, while a very large sample of velocities of cluster members was obtained from a combination of the MUSE and VIMOS spectroscopic campaigns at the VLT (Mercurio et al. in prep) . To disentangle the DM profile from the total mass profile we also made use of independent determinations of the stellar mass profile of cluster members (other than the BCG) and of the intracluster gas mass profile (based on Chandra X-ray observations). We note that these two latter components are negligible near the cluster center, dominated instead by the BCG and DM components.
We accurately determined the inner logarithmic slope of the DM density profile, modeled as a gNFW, γ DM = 0.99 ± 0.04, after marginalization over other free parameters of the mass and velocity anisotropy profiles. Our result is in full agreement with predictions from CDM/ΛCDM cosmological simulations (Navarro et al. 1996; He et al. 2019) , but inconsistent at ∼ 2σ level with the distribution of γ DM values found by Newman et al. (2013a) for clusters of similar mass and at similar redshifts. We derived the contribution of the different component of the mass profile, with their relative contribution to the total cluster mass ( Figure 5 ). Furthermore, we compared the total mass profile as obtained from the dynamical analysis, with the one based on strong and weak lensing techniques, and the X-ray hydrostatic method: we find an excellent agreement among the projected masses at percent level within 1 σ (Figure 7) , indicating a negligible hydrostatic bias.
We plan to extend our analysis to other clusters of the CLASH-VLT data-set (Rosati et al. in prep) with additional, high-quality MUSE data in order to confirm the consistency of γ with predictions from ΛCDM simulations, as well as to possibly determine the variance in the γ DM values of clusters that may relate them to the properties of the clusters themselves and their BCGs.
